The subject of this paper is electrical cross-talk, an interference between the current/voltage characteristics of the two working electrodes in four-electrode (generator/collector) systems. Cross-talk arises in electrochemical cells of finite resistance due to the superposition of the electrical fields of the working electrodes, and often causes difficulties in the interpretation of measurement results. In this paper, we present an algorithm for modelling simple generation/collection experiments with a rotating ring-disk electrode (RRDE) immersed into a finite resistance solution of a redox couple. We show that based on the analysis of the Kirchhoff (Laplace) matrix of the simulation mesh, the effect of electrical cross-talk may be accounted for in such experiments. The intensity of cross-talk is found to be heavily influenced by the selection of the reference point for potential measurements; in practice, this is the position of the reference electrode or the tip of the Luggin probe. The devised model is validated by means of a simple and demonstrative experiment.
Introduction
Four-electrode configurations containing two working electrodes, a single reference and a single counter electrode in the same electrochemical cell were routinely studied over the past half century. A typical example is the rotating ring-disk electrode (RRDE). Developed by Frumkin et al. in 1959 [1] , the RRDE was historically the first 'generator/collector' system [2] used for studying the intermediates or products formed in electrode processes. If on the generator (disk) electrode, some electroactive species are formed as a result of an electrode reaction, these products can be involved in another reaction at the collector (the ring) and can thus be detected [3] . As opposed to many other generator/collector systems (such as inter-digitated arrays [2] , where mass transfer between the two electrodes occurs only by the means of diffusion), in case of an RRDE, the transfer of species from one electrode to another is also aided by convection, that is a result of rotating the electrode tip.
Recently, the use of scanning electrochemical microscopy (SECM) and other related techniques has broadened the application of four-electrode configurations [4] . Using SECM, spatially resolved electrochemical signals can be acquired by measuring the current at an ultramicroelectrode tip as a function of precise tip position over a substrate region of interest [4] . SECM may also be used in a generator/collector mode: with an appropriate setting of substrate and tip potentials, species generated at the substrate may subsequently be measured at the tip electrode. An advantage of SECM over the RRDE technique is that it provides means for carrying out generation-collection measurements at controlled generator/collector distances.
Although in most cases of RRDE and SECM experiments, steady-state currents are measured, there is a growing interest in the application of transient techniques as well. It was shown for example [5] [6] [7] [8] that the simultaneous potentiodynamic perturbation of the generator and collector electrodes can considerably increase the sensitivity of RRDEs. Transient techniques might also be expedient in the case of SECM studies, especially when accurate temporal resolution is to be achieved [9] [10] [11] [12] . Measurements in ac-mode were also reported both for RRDE [13] [14] [15] [16] and SECM configurations [17, 18] , and were found to yield useful information on surface-adsorbed intermediates.
Although the application of (bi-)potentiodynamic control in four-electrode systems may indeed have many advantages, some pitfalls have to be identified as well. One of these is a certain interference factor, namely the I Rdrop-related electrical cross-talk that can arise between the current-potential characteristics of the working electrodes in practically any four-electrode configurations with finite (non-zero) resistance. Cross-talk originates from the shared current routes of the two working electrodes and causes an uncompensated potential shift at one electrode, depending on the current flow of the other one. Cross-talk can, in many cases, lead to serious misinterpretations of the current signals measured in four-electrode systems; this is especially true if transient perturbations resulting in high currents are applied to either one or both of the working electrodes.
Vivier et al. [19] have recently pointed out the existence of a significant electrical cross-talk between the current/potential characteristics of the two working electrodes in SECM setups; a similar effect has long been observed in RRDE experiments [20] [21] [22] [23] . In [19] [20] [21] [22] , four-electrode configurations were analysed in terms of electrical equivalent circuits, and it was shown that an electrical cross-talk may be present between the two working electrodes if their current-routes are shared to some extent (e.g. through a common solution resistance). It was also shown [22] that the cross-talk effects become more pronounced in those cases when transient currents are flowing through either one of the working electrodes.
In case of an RRDE, the cross-talk effect causes a potential shift at one electrode (ring or disk) depending on the current flow at the other electrode (disk or ring), which can be observed either directly (e.g. under galvanostatic conditions) or in the form of a corresponding current change (under potentiostatic conditions) [23] . The cross-talk may lead to significant errors in the interpretation of experimental curves, and-as shown by Shabrang and Bruckenstein [20] -its intensity depends very heavily on the positioning of the reference point for voltage measurement. In an RRDE experiment, Shabrang and Bruckenstein [20] observed a minimal cross-talk effect when their Luggin capillary was placed a large distance away from the electrode surface; however, a significant cross-talk appeared as the capillary approached the electrode ('Bruckenstein paradox').
In 1980, Dörfel et al. [23] published a very detailed analysis of the problem, where they presented Luggin probe positioning strategies in order to achieve an optimum compromise between 'normal I R-drops' and cross-talk effects. They also suggested a simple method for the correction of galvanostatically recorded electrode potential vs time curves in case of exactly known electrode geometries and Luggin probe positions. Dörfel et al., however, could not model the effect of electrical cross-talk on potentiostatically recorded current vs potential curves, noting that this problem 'is far more difficult or even impossible' [23] .
In this paper, we present digital simulations of the RRDE system which can account for the I R-drop-related crosstalk and its influence on the results of electrochemical collection experiments in case of any arbitrary potentiostatic (or potentiodynamic) perturbation. Results of some test simulations are validated by means of a demonstrative experiment carried out with a simple redox system (a Pt/Pt RRDE immersed into the finite-resistance solution of K 4 Fe(CN) 6 and K 3 Fe(CN) 6 ).
Theory
Several simulation methods, of varying accuracy, were devised in the past for the numerical description of RRDE experiments [24] [25] [26] [27] . A recent algorithm-that also serves as a basis for the approach presented here-was described in details in [27] ; the first attempts to include electrical crosstalk into the same simulation algorithm were described in [28] .
In this paper, we confine our attention to a finiteresistance solution of two electrochemically active species (denoted by Red and Ox) in which a rotating ring-disk electrode tip is immersed. Initially, both Red and Ox have a uniform concentration distribution in the system; however, at the disk and ring surfaces, the two electroactive species undergo the electrode reaction
We assume that the above reaction is reversible, and thus dictates that the concentrations of the two species in the vicinity of the two electrodes should always fulfil the following equation:
c Ox near disk or ring c Red near disk or ring = exp
that is a special form of the well-known Nernst equation. It should be mentioned here that taking into account irreversible reactions would also be possible within the framework of finite volume simulations by an analytical integration of the Erdey-Grúz-Volmer equation for a given control volume, as described in [27] . We further assume that the concentration changes occurring near the disk and ring surfaces propagate through the system under study as described by the following mass transfer equations:
where D Ox and D Red are the diffusion coefficients of the reacting species, and v = v(r, z) is the velocity profile of the hydrodynamic flow. In Eqs. 3.a-3.b, we assume that the mass transfer of any electroactive species takes place only by means of diffusion and convection, and that concentration changes due to any other effects (e.g. migration) are negligible. In Eqs. 3.a-3.b, we further assume that each diffusing species have a constant diffusion coefficient (D Ox and D Red are independent, for example, from the concentration), and that the velocity profile v is exactly known and is not changing with time at any given (r, z) spatial coordinates. For further details about determining the v hydrodynamic flow profile, the reader is directed to other sources [27, [29] [30] [31] . In the simulations presented here, we determined v(r, z) by numerically solving the appropriate form of the Navier-Stokes equations describing hydrodynamic motion under a rotating disk as described in [27] .
In the simulations, we consider a solution of finite electrical resistivity. We assume that the species Red and Ox are present in concentrations low enough (compared to that of the supporting electrolyte), so that the resistivity of the solution is undisturbed by any changes of c Red and c Ox , and it is constant over space and time.
For deriving the simulation algorithm, we exploit the cylindrical symmetry of the RRDE system. The model variables (concentration, velocity, electric potential) are assumed to be a function of two spatial coordinates, the distance r measured from the rotation axis and the distance z measured from the electrode surface. The method of finite volumes is applied: with planes parallel to the electrode surface, the investigated physical space is divided into n layers, and these layers-by a vertical tiling to m segments-are further divided into annulus-shaped control volumes. The symmetry axis of each control volume is the axis of rotation; Fig. 1 shows a sketch of the simulation mesh.
The tiling of the space has to be made smooth enough, so that the model variables can be considered homogeneous inside each control volume within a small time step Δt of the simulation. Increasing the smoothness, however, always necessitates the use of smaller Δt values (see [27] for setting an appropriate Δt) and increases the cost of calculation, which ultimately results in longer computation times. For the simulations presented here, a fine horizontal tiling (resulting in n bound layers) was applied for the 'boundary region' close to the electrode surface, and a coarser horizontal tiling (resulting in n out layers) was applied for the space far from the electrode. Numerical values of actual simulation parameters (used to obtain the results presented later on) are listed in Table 1 .
In the simulation algorithm, the model variables are ordered into vectors of n · m length. In each iteration step, we (i.) realize Nernstian conditions (based on Eq. (2)) in those entries of the concentration vectors which correspond to a control volume neighbouring either one of the two working electrodes; (ii.) simulate the effect of mass transfer by solving a discrete version of Eqs. 3.a-3.b; and (iii.) estimate the uncompensated potential drop affecting the two working electrodes (this depends on the position of the reference point used for voltage measurement).
Details of the calculations are given in 'Charge transfer effects'-'I R-drop (cross-talk) effects'.
Charge transfer effects
Charge transfer only affects those entries j of the c Ox and c Red vectors that correspond to control volumes neighbouring either the disk or the ring electrode (see the control volumes marked by a coloured hatching in Fig. 1 ). In every i th simulation step, new c 
in accordance with the Nernst Eq. 2. In Eqs. 4.a-4.b, thẽ E disk or ring term is the applied potential of the working electrode neighbouring the j th control volume corrected with the ohmic drop affecting the electrode in question:
Two-dimensional axi-symmetric mesh used for the spatial discretization of the RRDE system. The space below the RRDE is tiled into small annulus-shaped control volumes. The height of the volumes is smaller in the 'boundary layer' close to the electrode surface; a coarser tiling is applied below this layer. Red and green hatching marks volumes which are neighbouring the disk or ring electrodes, respectively. Note the rules of indexing applied: a control volume with index j can have at most four neighbours (with indices j − 1, j + 1, j − m and j + m). For an explanation of the used notations, see Table 1 In the i th step, each j th control volume (with volume V j ) that neighbours either one of the working electrodes gives an
contribution to the current of that electrode; by summing up these currents, the values of I disk and I ring can be determined.
The values ofẼ disk andẼ ring are optimized in each simulation step by using a Nelder-Mead (downhill simplex [32] ) root-finding algorithm. The optimumẼ disk andẼ ring values, when used in Eqs. 6.a-6.b, give rise to I disk and I ring currents which in turn establish such δ I R,disk and δ I R,ring values that satisfy Eq. 5. The calculation of δ I R,disk and δ I R,ring from 
I disk and I ring is described in details in 'I R-drop (cross-talk) effects'.
Mass transfer effects
While the electrode reactions only cause direct concentration changes in those control volumes which are under either one of the working electrode, mass transfer affects all the entries of the c Ox and c Red vectors. The general transport Eqs. 3.a-3.b can be re-written in the form of a matrix-vector equation as
Ox or Red ,
where I is the nm × nm identity matrix and the D diffusor and V conveyor operators (also nm × nm matrices) are defined as
o t h e r w i s e (8) and
In the definitions (8)- (9), d k, denotes the distance of the centres of the k th and the th control volumes; A sup,k , A int,k , A ext,k and A inf,k denote the superior, interior, exterior and inferior bounding surface areas of the k th control volume with a volume of V k ; v r,k and v z,k denote, respectively, the radial and axial flow velocity components at the center point of the k th control volume.
Here, we note that D and V are both large, however sparse banded matrices containing non-zero entries in only five (respectively, three) of their diagonals. Therefore, instead of storing the full matrices, we only deal with their non-zero diagonals in the simulation algorithm, which gives a significant increase to the computation speed.
Provided that a smooth enough tiling is used in combination with a small Δt value, results of the simulation agree very well with basic theoretical predictions, in accordance with the conclusions of [27] . E.g. for a simple collection experiment limiting currents simulated for the disk match (usually within 0.5 % of error) the predictions of the Levich equation [33] , and there is also a good agreement (less than 2 % of error) between simulated and theoretical [3] collection efficiencies.
I R-drop (cross-talk) effects
In order to implement the simulation of I R-drop-related cross-talk effects in our model, we interpret the simulation mesh as a network of electrical resistors, like the one shown in Fig. 2 .
In case we have a total number of n · m control volumes in the simulation mesh, the 'equivalent circuit' of the mesh will contain n · m + 3 equipotential nodes, due to the three metallic conductors (the disk, the ring and the auxiliary electrode) present in the system. The electric potentials of each node will be ordered in the vector ψ according to the following indexing rule: -ψ k is the electric potential corresponding to the k th control volume of the simulation mesh if 1 ≤ k ≤ n · m; -ψ k is the electric potential corresponding to the disk electrode if k = n · m + 1; -ψ k is the electric potential corresponding to the ring electrode if k = n · m + 2; 
Similarly, the currents leaving or entering the circuit at each node will be ordered in the vector ι. Since current cannot enter or leave the system, except through the aforementioned electrode metals, ι will have only three non-zero entries (its last three entries), the sum of which is 0.
Regarding the conductances (inverse resistances) present in the equivalent circuit, we note the following: -Between neighbouring control volumes (with indices k and ) the symmetric σ k, = σ ,k conductance is obtained from the constant bulk conductivity κ as
where A k, is the bounding area between the two control volumes and d k, is the distance of their center points. -If a control volume with index k neighbours the disk electrode ( = n · m + 1), the ring electrode ( = n · m + 2) or the auxilliary electrode ( = n · m + 3) then, due to the assumption that all electrode processes are reversible,
In practice, usually a very high (1000 S) value is assumed here instead of infinity. -If two nodes (with indices k and ) are not neighbours, then
Based on the above definitions it is possible to construct the Kirchhoff operator K, an (nm + 3) × (nm + 3) matrix 1 as
In order to estimate the ohmic drop affecting the two working electrodes, the matrix-vector representation of Kirchhoff's current-laws may be written as
and Eq. 14 has to be solved for ψ. Since K is singular, solving Eq. 14 is only possible by calculating the generalized (or Moore-Penrose) inverse [35] K † , after which the vector of electric potentials can be obtained as
It is known that instead of using any (slow) iterative methods for computing the Moore-Penrose inverse, K † can also be calculated [34] directly as
where J is an (nm + 3) × (nm + 3) matrix, all the entries of which are equal to 1. The matrix inversion in Eq. 16 is still a rather time-consuming computation; however, since the resistances in the network remain essentially unchanged during the simulation (this is a result of assuming reversible electrode reactions), it is enough to calculate K † once, only at the start of the simulations. Using the K † matrix, it is then possible to obtain the ψ vector in each iteration step from Eq. 15. In Fig. 2 , we show a potential field determined by the calculations outlined above, for the case when currents of opposite sign enter the 'disk' and 'ring' electrodes in a simplified equivalent circuit.
The vector ψ obtained from Eq. 15 is only determined up to an additive constant, which is due to the fact that K is a positive semi-definite matrix that has exactly one zero eigenvalue with a corresponding element-wise constant eigenvector. The δ I R, disk and δ I R, ring terms, which-as we will see-are responsible for the appearance of electrical cross-talk must therefore be defined in the form of a difference:
where r (1 ≤ r ≤ nm) is the index of the control volume chosen as the reference point for voltage measurement. Note that the above model relies on the axial symmetry of the RRDE geometry, thus 'reference point' in this context means a "reference annulus-shaped simulation cell". Still, as we will show below, the reference point for voltage measurement is in practice almost equivalent to the position of the tip of a Luggin probe, and can have a very deep impact on the current-voltage characteristics of the two working electrodes. The simulation algorithm described above was implemented in a software created in the National Instruments LabVIEW development environment. Simulating a T minutes long experiment on a standard platform (PC with 1.6-GHz Dual-Core processor, 4 MByte RAM) takes approximately 6T time for the software.
Experimental
A PINE AFE7R8 Pt/Pt RRDE was polished by P4000 SiC paper, rinsed with ultra-pure water (distilled water passed through a Milli-Q system), and then immersed into a solution that contained 10 mmol dm −3 K 3 Fe (CN) 6 , 10 mmol dm −3 K 4 Fe (CN) 6 and 0.5 mol dm −3 Na 2 SO 4 . The volume of the solution was ∼ 120 cm 3 . Prior to the measurements, the cell was deaerated with an Ar flow. All the used chemicals were obtained from Reanal, Hungary, and were of purissimum grade; ultra-pure water was used for preparing the solution.
In order to keep the current distribution as homogeneous as possible, some 10 cm 3 of Hg was placed in the cell (before adding the solution). This 'mercury lake' was contacted by a Pt needle that was otherwise isolated from the solution, and used as an auxiliary electrode. Saturated calomel electrode (SCE) was used as a reference, and was contacted to the working electrode compartment by the use of a Luggin probe that ended in a fine capillary. The Luggin probe itself was filled with the same solution as the working electrode compartment. The entire cell was movable under the RRDE tip, which allowed us to choose different positions of the Luggin probe with respect to the disk and ring.
A PINE AFRDE5 potentiostat was used in combination with the lab-built measuring system described in [7] for carrying out the experiments.
Results
In order to demonstrate the effect of I R-drop-related crosstalk in an RRDE system, simulations and experiments were both carried out. It was assumed in the simulations that the species Red and Ox are, similarly to the measurement, present in equal (10 mmol dm −3 ) concentrations. An RRDE geometry identical to that of the PINE AFE7R8PtPt tip (used in the experiments) was considered, and the parameters listed in Table 1 were used in the simulation algorithm. In case of the simulations, the standard potential (E − − ) of the electrode reaction according to Eq. 1 was assumed to be 0 V vs. an 'ideal' reference electrode. For the experimental cell, an E − − ≈ 175 mV value was determined by measuring the open-circuit potential. voltammograms (sweep rate: 50 mV s −1 ) were recorded at the disk electrode in a ±325 mV wide potential window about E − − . The rotation rate of the RRDE tip was set to 100 min −1 , and the ring potential was fixed at the value of E − − . The ring current was measured and plotted in Fig. 3 as a function of the applied disk potential.
Simulations and experiments were both carried out by selecting three different reference points for the voltage measurements. In case of the experiments, the Luggin probe was set to different positions as shown by the photographs of Fig.3 . In the simulations, different values for the r index in Eqs. 17.a-17.b were chosen so that the situation would mimic the experimental case. In case 1, the reference point for voltage measurement was on the rotation axis, only 98.75 μm below the disk; in case 2, it was placed at the same depth as above, but it was radially displaced to under the ring electrode; in case 3, it was again placed on the axis of rotation, but in a depth of 8.725 mm. Simulations were also carried out in an I R-drop-free case 4.
As it can be seen in Fig. 3 , there is a fair agreement between calculated and experimentally obtained curves. In a cross-talk-free case (Fig. 3a, case 4) , the interpretation of the obtained signals is straightforward. As E disk is scanned from negative to positive values (and then backwards), the solution layer near the disk electrode gets enriched in the Ox (respectively, Red) species. When the disk potential reaches either very negative or very positive values, there is an almost complete turnover of the redox couple in the vicinity of the disk and a limiting disk current [33] is measured. If this volume of solution then reaches the ring electrode, the ring (as its potential is fixed at E − − ) re-sets the original condition of c Ox = c Red which yields a negative (respectively, positive) ring current.
The presence of I R-drop, as shown by Fig. 3 , significantly complicates the interpretation of the measured (simulated) curves. In case 3, when the Luggin probe is kept at a high enough distance from the two working electrodes, no cross-talk seems to appear; the current/voltage characteristics of the two working electrodes are, however, disturbed by a 'normal I R-drop effect' [23] .
If on the other hand, the Luggin probe is set close to either one of the working electrodes, the current of that electrode gives a significant shift to the reference potential and thus to the effective potential of the other working electrode. This becomes the most obvious in case 1 when the reference point for voltage measurement is set close to the disk which results in ill-behaved ring currents. As the reference potential shifts due to the passing of a high disk current, the effective ring potential does not any more equal E − − , but-in accordance to the sign of I disk -it gets slightly more positive or negative than that. This explains why the simulated (and measured) ring curves first show a strong 'overshooting' during a disk scan (see the peculiar peak-like features in Fig. 3a, b) following which they converge to a limiting current that is substantially lower compared to the cross-talk-free situation. As it can be seen in Fig. 3a , the intensity of cross-talk is much lower when the Luggin probe is set close to the ring, although there is a slight difference between the disk voltammograms calculated for cases 2 and 3.
As it can be seen in Fig. 3 , our simulation results are in fair agreement with experimentally obtained curves, although in the multi-physics simulation, we ignored some minor disturbing effects (such as the influence that placing the Luggin probe close to the rotating surface exerts on the hydrodynamic conditions). The modelling of capacitive interfaces is yet to be included to our simulation algorithm, and this will be a subject of a future study.
It should be noted that in a four-electrode system, the appearance of cross-talk can be expected whenever the reference point for voltage measurement is set into the high current route of either one of the working electrodes, and it is practically independent from the collection efficiency or the transit time between the working electrodes [3] . In Fig. 3a , we presented simulation results for a routinely used thin ring-thin gap RRDE configuration; however, as shown in Fig. 4 , cross-talk can also appear if the gap is much wider and the ring is also of a considerable surface area.
Discussion
Electrochemistry textbooks, when introducing the concept of I R-drop in a standard three-electrode cell often suggest Fig. 3a , now simulated for an RRDE with bigger gap size (1 mm) and a thicker ring (1 mm). The placement of the reference electrode in cases 1-3 matches that of Fig. 3 ; case 4 corresponds to an I R-drop-free situation that its disturbing effect can largely be eliminated if 'the reference electrode is designed for very close placement to the working electrode by use of a fine tip called a LugginHaber capillary' [3] . We have seen, however, that following the very same strategy in a four-electrode cell can lead to the appearance of heavy cross-talk and can seriously complicate the interpretation of measured data.
The fact that a fair agreement can be found between simulations and measurements implies that the model presented in Section 3 of this paper describes well both the cross-talk and the 'normal IR-drop' effects. In what follows, we shall use the results of digital simulations in order to define some rules of thumb that can help experimentalists working with RRDE (or other GC) systems in dealing with the effects of cross-talk.
Diagnostic criteria
Whenever a four-electrode system is used, it is always advisable to rule out the presence of cross-talk. This can be done e.g. by running experiments using differently positioned Luggin probes, and then comparing the measured results. If no differences are detected, this is a good indication of a cross-talk-free system. A large advantage of using an RRDE is the possibility to conduct experiments Fig. 5 In a cross-talk-free case (i.e. in a solution of zero resistance), the ring signal on an unrotated RRDE should be essentially zero, as the ring potential is fixed at E − − , and in the absence of rotation, the concentration changes near the disk electrode have very little effect on the ring. The appearance of disk-induced ring currents on a stagnant RRDE indicates cross-talk; this can be explained by a shifting of the effective E ring value by strong disk currents also in the absence of rotation. Strong disk/ring interactions measured on a stagnant RRDE indicate the presence of cross-talk (Fig. 5) , viz. in the absence of convection no true collection should occur.
Eliminating cross-talk by the use of two references
Probably, the most straightforward way of eliminating I Rdrop effects when two working electrodes are used in the same cell is to upgrade the cell from a four-electrode to a five-electrode system. That is, a second reference electrode should be introduced, and an appropriate bi-potentiostatic control circuit that allows the connection of this second reference should be applied. When the electrode potentials of each working electrodes are measured with respect to their own dedicated reference, by the use of two appropriately positioned Luggin capillaries-each oriented to a respective working electrode-it may become possible to rule out cross-talk effects almost entirely. Nevertheless, the above strategy is, due to instrumental difficulties, rarely applied, and most practical generator/collector configurations are built as four-electrode systems.
Eliminating cross-talk by Luggin probe positioning
In a large enough four-electrode cell (like that of the RRDE), one may often find a suitable Luggin probe position using which cross-talk effects can be minimized. 2 Theoretically, this is possible by measuring the resistances (e.g.
by two-point impedance measurements) between the disk and the ring R disk to ring , between the disk and the auxiliary electrode (R disk to aux ) and between the ring and the auxiliary electrode R ring to aux . Using these resistances, it is possible to construct an equivalent circuit of the cell [20] , depicted in Fig. 6 , where the given resistances can be calculated as 
Cross-talk effects in the system shown in Fig. 6 can be eliminated by placing the Luggin probe to the position marked with L; that is, to the junction of the three resistors. With respect to this approach, some remarks are however due. (i.) Strictly speaking, the resistances in Eqs. 18.a-18.c include not only solution resistances but also the interfacial resistances of the electrodes. As the latter may change in the course of the experiment (e.g. as a function of the electrode potentials applied), the optimum Luggin position may also shift within the cell. (ii.) Using the optimum Luggin probe position, although cross-talk effects may be eliminated, a 'normal I R-drop' [23] still affects both working electrodes δ I R, disk = I disk R 1 and δ I R, ring = I ring R 2 .
Correction of curves measured in the presence of cross-talk
If cross-talk effects in an RRDE system cannot be eliminated experimentally, it may still be expedient to look for methods of correcting the measured data. Consider as an example, a collection experiment when both the disk and the ring electrodes are under Fig. 6 Simplified equivalent circuit of the RRDE system. L shows an optimum (cross-talk free) position for the Luggin capillary potentiodynamic control. While the disk is slowly scanned from positive to negative values, we record CVs at a high scan rate on the ring electrode. This method, as shown in [6, 22] , can yield a useful three-dimensional map showing at which disk potentials some electroactive products are formed, and at which ring potentials they can be detected. The 3D map is created by subtracting from the measured ring currents a 'reference ring voltammogram' (recorded at an appropriate E disk value where no collection is assumed to occur), and then plotting the thus obtained ΔI ring values as a bivariate function of the disk and ring potentials.
By the means of simulations, we created such a 3D map for the simple redox system studied in this paper. For a cross-talk-free case, results are shown in Fig. 7 : the 3D map shows that the collection of excess amounts of redox-active species shifts the ring current over the whole E ring range studied. This shift, as shown by Fig. 7 , has a sign opposite than that of the disk current.
As opposed to the I R-drop-free case the threedimensional map recorded in a system of finite resistance (with the reference point for voltage measurements positioned close to the disk) shows a significant cross-talkrelated artefact (Fig. 8a) . This artefact may however be eliminated by applying a point-wise correction to each E ring values of the dataset in the form of E ring, corr = E ring − δ I R, ring .
As the reference point for voltage measurement was in this case positioned close to the disk,
using the notations of Fig. 6 . That is, by determining the values of R disk to ring , R disk to aux and R ring to aux in an RRDE systems, curves measured in a heavily cross-talk-affected case can be corrected post-experimentally. [6, 22] simulated for the simple redox system under study. At a rotation rate of 500 min −1 , the disk was slowly scanned (sweep rate: 1 mV s −1 ) from very positive (325 mV) to very negative (−325 mV) values, and thus the voltammogram shown in a was obtained. Simultaneously, the ring potential was scanned between the same vertices at a high sweep rate (100 mV s −1 ). Changes of the ring currents (measured during positively going ring sweeps) were plotted as a function of the disk and ring potentials, and thus the surface shown in b was obtained. A ring sweep taken at E disk = 0 V was used as a reference for calculating the plotted current differences (a) (b) Fig. 8 A 3D map simulated for a system of finite resistance when the reference point for voltage measurement placed close to the disk (a) shows an intense cross-talk-related artefact. By using the method described in the text, this artefact may be corrected for, and the thus obtained surface (b) is similar to the one measured for an I R-drop-free case (cf. to Fig. 7b) 
(a) (b) Conclusion
We presented a digital simulation model that can not only describe the electrochemical generation and collection of redox-active species in four-electrode configurations, butby solving the Kirchhoff equations over the simulation mesh-it can also account for the electrical cross-talk of the two working electrodes. By simulating a simple collection experiment with a rotating ring-disk electrode, the model predictions were explained and experimentally verified.
In accordance with previous studies [19] [20] [21] [22] [23] , we found that electrical cross-talk in four-electrode systems may arise due to the shared current routes of the working electrodes and that the intensity of the cross-talk depends heavily on the position of the reference electrode. While in Refs. [19] [20] [21] [22] , cross-talk was explained and treated on the basis of a simplified analogy to star-shaped equivalent circuits, and thus, these works could model only the electrical (but not the chemical) interactions between the two working electrodes, the model described in this paper can account for both types of interactions. A novelty of the presented approach (over [23] , for example) is that it does not necessitate the application of galvanostatic control on both working electrodes. It should be emphasized that cross-talk may have a larger disturbing effect on the current vs. potential characteristics of the two working electrodes in case transient techniques are applied, and thus, stronger currents are passing the electrodes under study.
The electrochemical system targeted here was the rotating ring-disk electrode (RRDE); the paper described several strategies to reveal/eliminate/correct for the effects of crosstalk. In an RRDE system, suitable Luggin probe positions (that are out of any high current routes) can often be found in order to reduce cross-talk effects to an almost negligible intensity. This, however, may not the case when we use four-electrode arrangements in very small cells, where the position of the reference electrode is not so freely chosen. Thus, the results of SECM experiments (and in some cases, also measurements made in STM or conducting-probe AFM configurations) may also get affected by electrical crosstalk, in a manner similar to what was presented here for RRDEs.
